H elicobacter pylori plays a pathogenic role in humans and also in animal models. Bacterial factors and the host response are both implicated in the extent of gastric inflammation. 1 The status of acid secretion plays a pivotal role in Helicobacter ecology and contributes to the mucosal abnormalities. [2] [3] [4] Bacterial metabolites and secretory products can directly or indirectly modulate the function of parietal cells. 5 A number of reports suggest that the net effect on acid secretion evoked by the presence of H pylori can be either inhibitory or stimulatory. 6 Enhanced or impaired acid secretion leads respectively to either duodenal ulcer or gastric atrophy which may subsequently predispose to gastric cancer. 6 7 Not only bacterial factors but also the host specific immune response determines the severity of gastric inflammation. 8 Evidently, the host immune response can modulate the secretory properties of parietal cells and we postulate that Helicobacter induced hypochlorhydria may be linked to the effect of cytokines released by the particular type of immune response. Mouse models of Helicobacter induced gastritis have recently entered the mainstream of research in this area and have been useful in prioritising factors responsible for the pathogenesis of disease. 9 10 For that reason we have adopted and characterised the ''in vitro'' mouse model of acid secretion using gastric glands. We believe that this method is essential for testing acid related hypotheses and complements the results obtained from the standardised mouse model of Helicobacter induced gastritis. Moreover, the mouse gastric gland preparation enables us to test a variety of cytokines and other immunochemical products available only in the mouse system, which eliminates any cross species related concerns in the interpretation of results. A number of reports have presented somewhat conflicting results in this area that warranted further validation in the mouse system, in particular, to test the action of mouse cytokines on mouse parietal cells for a possible direct mechanism of action.
The mouse model of Helicobacter induced gastritis resembles some of the features of gastritis in humans, and many of the recent findings on the mechanisms involved in this infection come from this particular animal model, thus creating a niche in which the ''in vitro'' mouse model of acid secretion can answer some of the questions that were previously only suggested by interpolation. The knowledge generated from the experiments performed on gastric glands or parietal cells obtained from dogs, rabbits, guinea pigs, and rats may not reveal the dynamics and consequences of Helicobacter related infection observed in vivo, as these species failed to host reliable models. It has been shown, using the mouse model of Helicobacter infection, that mouse strain specificity exists, 8 and this suggests involvement of a genetic component in the aetiology of gastric disease. Depending on the strain of mouse, the type of immune response to Helicobacter infection varies, being either predominantly Th1 or Th2. 1 This complements the fact that genetic factors also play a role in disease in humans as not all those infected with virulent strains of H pylori become symptomatic.
As a wide array of anti-and proinflammatory cytokines can be evoked by the host immune response, we decided to test the effects of several of these on acid secretion. The list of mouse cytokines tested representing the Th1 response were: interferon (IFN) c, interleukin (IL)-2, and IL-12, and representing the Th2 response: IL-4, IL-6, and IL-10. Tumour necrosis factor a (TNF-a) and IL-1b were chosen to reconfirm their effect in mouse parietal cells, as previously demonstrated in other species. IL-8 was chosen for its involvement in H pylori infection. There are limited data on gastric acid secretion in the mouse gastric gland model from our own work 11 and that of Hinkle and colleagues, who studied gastrin deficient mice. 12 In this report, we present the results of our studies of Th1 and Th2 cytokines in a mouse gastric gland model, which we first characterised pharmacologically.
MATERIALS AND METHODS

Animals
Female Balb/c mice, 6-8 weeks old, were obtained from Charles River Canada (St Constant, Quebec, Canada) and kept under standard housing conditions: temperature 21-23˚C, humidity 40-50%, 12/12 hour light/dark cycle, and fed Purina Lab Rodent Chow for up to 12 weeks. Ten mice for each acid assay were fasted for 24 hours (water ad libitum) and killed by cervical dislocation. The stomachs were quickly removed, opened along the lesser curvature, and placed in oxygenated 37˚C phosphate buffered saline (PBS) buffer at pH 7.3. Use of animals was approved by the Animal Research Ethics Board at McMaster University.
Preparation of gastric glands from mice
The gastric gland preparation was performed according to the method of Berglindh, 13 with some modifications. Briefly, the gastric mucosa was scraped off underlying muscle using a scalpel blade, pooled, and washed twice (approximately 2006g for five minutes) in PBS. Scrapings of the gastric mucosa were placed in an enzyme solution that contained 2 mg/ml of glucose, 1 mg/ml of bovine serum albumin (BSA, Sigma A-7888, St Louis, Missouri, USA), 0.25 mg/ml of type II-s soybean trypsin inhibitor (Sigma T-9128), and 0.23 mg/ml of type IV collagenase (Sigma C-5138). Different batches of collagenase were screened as there was a discrepancy in the acid producing capacity of gland preparations depending on the batch of collagenase used. The collagenase that resulted in a gland preparation that gave the highest aminopyrine incorporation and therefore indicated intact secretory function was used in subsequent experiments. The mouse gastric mucosa was enzymatically digested at 37˚C for 45 minutes in a flat bottom covered 150 ml Erlenmeyer flask and agitated by a magnetic stirrer (approximately 100 rpms/min). After enzymatic digestion, the gastric glands were passed through a nylon mesh (500 mm; Small Parts Inc, Florida, USA) to separate debris and undigested remains of the gastric mucosa. The preparation was then washed three times (approximately 2006g for five minutes) in enzymatic buffer that contained neither collagenase nor trypsin inhibitor. Finally, the preparation was resuspended in 50 ml of incubation medium containing 2 mg/ml of BSA, 2 mg/ml of glucose, 1 mM MgSO 4 , and a total of 2 mM of CaCl 2 . Therefore, the yield of this preparation was 50 ml with approximately 10 ml of packed gastric glands per ml, which translated to 0.356¡0.054 mg/ml of protein, as measured by the Biorad method using BSA as the standard.
Measurement of acid secretion in the mouse gastric glands Acid secretion was measured by accumulation of weak base [ 14 C]-aminopyrine (AP), as also described by Berglindh, 13 with some modifications. Briefly, the experiment was carried out in closed 1.5 ml Eppendorf tubes containing 0.5 ml of resuspended gastric glands with added secretagogue (carbachol 0.01 mM or histamine 0.1 mM), antisecretory compound (for example, somatostatin or prostaglandin E 2 (PGE 2 )), and doses of the test cytokine. Tubes testing basal acid secretion did not contain histamine or carbachol. Also, 20 ml, equivalent to 0.25 mCi of AP (Amersham Pharmacia Biotech, Baie, D'urfé, Québec, Canada; specific activity 115 mCi/mmol) was added to the tubes and incubation was carried out at 37˚C for 60 minutes with rotation. Therefore, all tested reagents, including AP, were added at the same time and coincubated with the gastric glands. Tubes were spun at approximately 1500 g for five minutes, the supernatant aspirated, and the pellet washed three times in incubation buffer to minimise non-specific AP retention in the glands. The pellet was transferred to scintillation tubes and solubilised with 1 ml of tissue solubiliser (NCS-2; Amersham) overnight. The next day, 50 ml of glacial acetic acid was added to each tube containing the solubilised pellet in order to neutralise the highly basic tissue solubiliser. Pellets were counted in a Beckman scintillation counter LS 5801 after addition of 5 ml of scintillation fluid (ACS; Amersham). Radioactivity accumulated by glands with 0.1 mM of dinitrophenol was subtracted from all data to compensate for non-specifically trapped AP, which accounted for less than 0.5% of the maximal histamine response. Each sample was tested in triplicate within each individual experiment. Each experiment was repeated in different gland preparations and this repetition is expressed by the n number of individual experiments.
Chemicals
Cytokines were purchased from the following sources: mouse IFN-c (Upstate Biotechnology Inc, Lake Placid, New York, USA), mouse IL-1b, mouse IL-2 (Genzyme), mouse IL-4, mouse IL-6 (Upstate Biotechnology Inc), human IL-8 (Upstate Biotechnology Inc), mouse IL-12 (R&D Systems), mouse TNF-a (R&D Systems, Minneapolis, Minnesota, USA), monoclonal rat antimouse IFN-c, IgG1 (Upstate Biotechnology Inc), purified rat myeloma IgG1 (Zymed Laboratories Inc, San Francisco, California, USA), dibutyryl cyclic AMP (N 6 ,29-o-dibutyryladenosine 39:59-cyclic monophosphate, D-0627; Sigma), PEA (piridylethylamine was a gift from Dr ME Parsons through Dr PK Rangachari), p-FHHSDiF (p-fluorohexahydrosiladifenidol, M 3 selective antagonist; RBI/Sigma, Canada), AFDX-116 (M 2 selective antagonist, a gift from Dr Karl Thomae through Dr PK Rangachari), 14 pirenzepine (M 1 selective antagonist; RBI/ Sigma), SCH28080 (substituted pyridyl(1,2a)imidazole, K + site inhibitor of the gastric (H + +K + ) ATPase, a gift from Schering-Plough Research Institute (New Jersey, USA). 15 All chemicals were of the highest purity and were purchased from Sigma, unless otherwise stated. Most compounds were dissolved in water or water based buffers with the exception of compounds dissolved in DMSO such as: PGE 2 at 10 22 M, pentagastrin at 10 21 M, A23185 at 10 22 M, thapsisgargin 10 22 M, forskolin at 10 22 M, and SCH28080 at 2610 22 M. Omeprazole was dissolved in water at 2610 22 M with addition of 0.6 mg of NaHCO 3 /ml.
Statistical analysis
Data were calculated as percentage of the maximal response to various stimulants of AP uptake, and n represents the number of gland preparations for which each data point was 
RESULTS
Enzymatic digestion of gastric mucosal tissue resulted in the preparation of functional mouse gastric glands in terms of their ability to secrete acid for up to five hours. Nearly all cells in the glands were viable before and after one hour exposure to cytokines, as measured by trypan blue exclusion, and only some of the free floating cells appeared to be damaged (fig 1) .
Initial experiments with time course indicated that 60 minutes of incubation was an optimal time to obtain a maximal response to carbachol and histamine (fig 2A) . Mouse gastric glands were able to accumulate AP as a means of measuring acid secretion which could be evoked either through an adenosine cyclic monophosphate dependent mechanism (for example, histamine, forskolin, and 3-isobutyl-l-methylxantine) or calcium dependent mechanism (for example, carbachol, A23187, and thapsisgargin) ( fig 3) . However, gastrin and pentagastrin did not have any effect on acid secretion indicating that in the mouse, this hormone may stimulate acid only via functional enterochromaffin-like cells, most likely not prevalent in our preparation. Also, there was no increase in the histamine response in the presence of pentagastrin (data not shown). Basal and histamine stimulated AP uptake were, respectively, 2442 (653) and 41 270 (15 573) dpm/mg of protein. Dose-response curves were constructed for each secretory compound and the doses that evoked the maximal response are presented in fig 3, showing a relative magnitude of the maximal response compared with histamine (100%).
With respect to the type of receptor involved in histamine stimulation of acid secretion in the mouse, we confirmed that the histamine H 2 receptor was the only type involved, as is the case in most species, including humans. Only a selective H 2 receptor antagonist, ranitidine, but not other types represented here by mepyramine (H 1 selective) or thioperamide (H 3 selective), inhibited histamine stimulated acid secretion ( fig 2B) . These findings were also confirmed in experiments using histamine selective agonists where only dimaprit (H 2 selective) but not PEA (H 1 selective) or R-amethylhistamine (R-a-MH, H 3 selective) was able to stimulate acid secretion ( fig 2C) in mouse glands. The cholinergic system was similarly studied, where carbachol stimulated acid secretion was inhibited by muscarinic receptor antagonists and their potency was of the following order: atropine (non-selective) .p-FHHSDiF (M 3 selective) .pirenzepine (M 1 selective) .AFDX-116 (M 2 selective) ( fig 2D) . Therefore, predominantly the M 3 muscarinic receptor is involved in carbachol stimulated acid secretion in the mouse. The two native antisecretory agents somatostatin and PGE 2 inhibited histamine stimulated acid secretion, as well as the antisecretory drugs ranitidine, omeprazole, and SCH28080 (fig 4) . The antisecretory compounds exhibited the following order of potency in the mouse gastric glands: SCH28080 (reversible inhibitor of acid secretion Of the seven mouse cytokines tested, only IFN-c and IL-2 inhibited histamine stimulated acid secretion in a dose dependent manner, as measured by AP accumulation (fig 5) . The maximal concentration tested for IFN-c was 10 28 M, resulting in 33% inhibition, and for IL-2, 10 28 M, which caused 49% inhibition. Similarly, against carbachol stimulation, only mouse IFN-c and IL-2 showed a dose dependent inhibition of acid secretion (fig 6) .
Maximal inhibition for IFN-c and IL-2 was observed at the highest doses tested, with inhibition of 42% and 53%, respectively. In addition to mouse IL-1b and TNF-a, the human cytokines IFN-c, IL-1b, IL-10, IL-4, IL-6, TNF-a, and IL-8 tested in the range 10 210 M to 10 28 M did not show any effect on histamine or carbachol stimulated acid secretion (data not shown). Mouse IFN-c did not cause a shift in the dose-response curves to either histamine or carbachol but only affected the maximal stimulatory response (fig 7) . Preincubation of gastric glands for an additional 60 minutes with mouse IFN-c cytokines (alone without secretagogues and AP) did not affect significantly the reported results (fig 7) . The same was true for IL-1b and IL-2 at the highest concentration tested (10 28 M).
The inhibitory effect of IFN-c was partly blocked (approximately 60% reversal of antisecretory effect of IFN-c) by 1:20 dilution (25 mg) of the rat antimouse IFN-c monoclonal antibody (fig 8) . Non-specific, isotype control, purified rat myeloma IgG1 antibody at a concentration of 25 mg did not significantly alter the antisecretory properties of mouse IFN-c or responses to carbachol.
Endotoxin, a possible contaminant of recombinant cytokine preparations, did not have any effect on basal, carbachol, or histamine stimulated acid secretion over a wide range from 0.001 pg/ml to 10.0 mg/ml (data not shown).
DISCUSSION
The effect of cytokines on acid secretion has been studied principally ''in vivo'' and to some extent ''in vitro''. 16 The human cytokine interleukin 1 (IL-1b) can inhibit acid secretion ''in vivo'' in the rat 17 but the mechanism of action of this cytokine still remains speculative and mainly attributed to its effect on the central nervous system. 18 Also, inhibition of gastric histamine synthesis and release, 19 and also involvement of nitric oxide, 20 have been implicated in this inhibition. The antisecretory action of IL-1 can be both prostaglandin mediated 17 18 and prostaglandin independent. 21 Recently, a thorough review has underscored the role of IL-1b in gastric pathology, in particular the importance of IL-1b polymorphism and consequential hyposecretion that may predispose individuals to gastric cancer. 22 As observed in our results, lack of direct inhibition of acid secretion by IL-1b does not contradict this notion but rather suggests that this discrepancy may solely reflect species differences, especially as it mirrors the lack of reports in the published literature on the direct antisecretory effects of IL-1b in the mouse model. A number of reports have suggested an inhibitory effect for cytokines acting in a paracrine fashion. TNF-a and IL-8 can increase the release of somatostatin from canine fundic D cells. 23 IFN-c, IL-1b, TNF-a, and IL-2 can stimulate gastrin release from canine, human, and rabbit antral G cells, [24] [25] [26] and so too does platelet activating factor in cultured rabbit G cells. 27 It was not until 1994 that Nompleggi et al showed direct inhibitory effects of two cytokines, human IL-1a and TNF-a, on acid secretion, as measured by AP accumulation in canine parietal cells. 28 Later, pursuing this lead, it was shown that human TNF-a and human IL-1b inhibited acid secretion in cultured rabbit parietal cells 29 and when preincubated with human IL-1b in rat parietal cells. 30 However, the most recent studies by Tani et al concluded that cytokines induced by H pylori infection-namely, IL-1b, IL-8, and TNF-a, had no effect on acid secretion, as measured by AP accumulation in guinea pig parietal cells, which to some extent contradicted previous findings. 31 It is important to point out that until now, investigators used human recombinant cytokines on systems other than human cells, such as canine, rabbit, rat, or guinea pig. As human and animal cytokines bear only partial homology and their between species cross reactivity has been demonstrated mainly in immunological systems, use of cytokines on other non-immune cells, such as parietal cells, may pose even more difficulty for interpretation of results. Mouse IL-2 and especially mouse IFN-c have 60% and 40% between human counterparts, respectively, which makes them highly species specific; in fact, neither show activity in human systems and human IFN-c does not work in the mouse. In anticipation of this problem, we have adopted and characterised a mouse ''in vitro'' model of acid secretion in order to test recombinant cytokines native to the same species. The data presented here confirm the main patterns in gastric acid physiology and pharmacology in the mouse, and that the mouse gastric glands can serve as a very sensitive method for studying the involvement of native modulatory metabolites, bacterial factors, and proteins, as well as for testing antisecretory compounds. The composition of mouse gastric glands has been studied previously in intact gastric mucosa and it has been shown that approximately 20% are parietal cells, 14% zymogen cells, 47% stem cells, and 19% other cells. 32 Only a moderate number of histamine containing cells were identified in mouse gastric glands, mainly at their base, and thus could possibly be injured during collagenase dispersion. 33 Pentagastrin did not have a stimulatory action on acid secretion in our studies, which supports the notion of non-functional enterochromafin-like cells in our preparation and may explain the lack of effect in our results with respect to IL-1b and TNF-a cytokines. However, the lack of effect of these cytokines may solely reflect, as already mentioned, species differences. Our results which cover, and in some cases exceed, the range of doses tested in previous studies tend to support recent findings of the lack of such a direct effect for IL-1b, IL-8, and TNF-a, as reported by Tani and colleagues. 31 Tani's results were met with criticism, but our study addressed all of these, including a comprehensive characterisation of this model with its antisecretory mediators and compounds. 34 Both antisecretory cytokines IFN-c and IL-2 are associated with the Th1 type immune response. It was shown in the mouse model of Helicobacter induced gastritis that a predominantly Th1 response dominates in gastritis induced by this infection, 35 36 and that this type of response may subsequently lead to atrophy and gastric cancer. 1 9 37 Similarly, a Th1 response dominates in the human gastric mucosa during H pylori infection 38 and a polarised Th1 response may play a role in the genesis of peptic ulcer in H pylori infected patients. 39 Moreover, the contribution of IFN-c in gastric inflammation was shown to be essential in experiments with H pylori infected IFN-c knockout mice. 40 In H felis infected C57/Bl6 mice, coinfection with replication defective adenovirus caused, in an IFN-c and IL-12 dependent manner, reduced colonisation of H felis but had no effect on inflammation. 41 Although most of our experiments were done in Balb/c mice, we have confirmed the antisecretory effects of the highest used concentrations of mouse IL-2 and IFN-c on gastric glands obtained from C57/BL6 mice and therefore dismiss any strain specific differences in that regard. Recently, it has been shown that concurrent enteric helminth infection, which predominantly resulted in a reduction in IFN-c mRNA, attenuated Helicobacter induced gastric atrophy. 42 Proposed here by us, a pivotal role of IFN-c in events leading to atrophy was elegantly demonstrated in mice infused with this cytokine. 43 Also, our results are in line with the general understanding that the pattern of bacterial colonisation in Helicobacter infected mice is strain dependent, with Balb/c predominantly colonising the antrum and C57/ BL6 colonising the acid secreting corpus. [44] [45] [46] [47] As C57/BL6 mice respond in a Th1 fashion to Helicobacter infection, our results suggest that the antisecretory properties of Th1 cytokines may tip the acid related balance towards hyposecretion and colonisation by the bacterium of the corpus of the stomach. This self perpetuating process of mucosal damage may lead to atrophy, resulting in progression of inflammation and its possible consequences. These findings complement the notion that acid suppression therapy may also lead to an increase in corpus gastritis in some H pylori infected patients. 48 In conclusion, our results show that mouse gastric glands can serve as a very sensitive method for studying acid secretion ''in vitro''. Also, we found that only the Th1 specific cytokines IL-2 and IFN-c can inhibit acid secretion in the mouse directly, and therefore can be linked to the hyposecretion observed in Helicobacter induced gastritis that may lead to gastric atrophy and its potential serious consequences.
